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Tbjective: We sought to investigate the effect of particular deformations of aortic
rch shape on blood pressure response in children who had undergone successful
epair of coarctation of the aorta.
ethods: We studied normotensive patients (aged 15.1  5.8 years) who had
ndergone coarctation surgery by means of simple (n  43) or extended (n  32)
nd-to-end anastomosis. All patients underwent systematic exercise testing during
ollow-up, as well as magnetic resonance imaging. Three types of aortic arch
eometry were evident on magnetic resonance imaging: gothic arch with angular
eometry and an increased height/width ratio of the arch, crenel arch with a
ectangular shape, and normal arch with a smooth rounded shape. For each subject’s
rch, the continuous variable height/width ratio was calculated.
esults: Exercise-induced hypertension was more frequent in patients with gothic
rch, with a prevalence of 83% at 15 years after surgical intervention (95%
onfidence interval, 69%-97%) versus 25% (95% confidence interval, 0%-50%) in
hose with crenel and 21% (95% confidence interval, 10%-46%) in those with
ormal arch geometry (P  .001). The cumulative incidence of exercise-induced
ypertension as a function of aortic arch geometry was significantly higher in
atients with gothic arch geometry throughout follow-up. On multivariate analysis,
oth gothic arch geometry and higher height/width ratio were significantly corre-
ated with exercise-induced hypertension.
onclusion: An angulated gothic arch is independently associated with abnormal blood
ressure response. This deformation of the aortic arch identifies a subgroup of subjects
ith postoperative coarctation at high risk of hypertension in young adult life.
ystematic hypertension is a common complication after anatomically suc-
cessful repair of coarctation of the aorta (CoA) in 20% to 40% of young adult
survivors.1 Although hypertension might be somewhat less frequent with
epair in early life, both resting and exercise-related or ambulatory hypertension are
till common,2 particularly in studies with a follow-up of greater than 15 years.
urthermore, late hypertension is clearly a major risk factor for premature cardio-
ascular morbidity and mortality after CoA repair.1-3
Exaggerated blood pressure (BP) response to exercise is independently associ-
ted with increased risk of future hypertension in the general population4-7 and in
ormotensive individuals having risk factors for hypertension,8 including patients
ho had CoA repair in infancy.9 In subjects after CoA repair, this often occurs in
he absence of recoarctation or aortic arch hypoplasia.3 The mechanisms of exercise-
nduced or resting hypertension in patients who do not harbor these residual
bnormalities are still uncertain.1
Few studies have focused on the role of aortic arch shape abnormalities on BP
esponse. Recently, Roos-Hesselink and colleagues10 reported a striking frequency
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Df abnormal aortic arch geometry late after CoA repair, but
hese were poorly characterized before the era of magnetic
esonance imaging (MRI). Similarly, using MRI, we have
emonstrated important modifications in the aortic arch
natomy in patients with successful CoA repair (ie, in the
bsence of recoarctation, aortic arch hypoplasia, or both).11
n this latter study we demonstrated that a peculiar gothic
rch, so-called because of a particular postoperative defor-
ation of the aortic arch with an angular shape and abnor-
ally increased height/width (H/W) ratio of the thoracic
orta, as shown in Figure 1, A, was independently associated
ith resting hypertension. The question now arises as to
hether exercise-induced hypertension is associated with
he same abnormalities of aortic arch shape in this specific
opulation with successful CoA repair.
The aim of the present study was to investigate whether
xercise-induced hypertension in successfully repaired pa-
ients after coarctectomy is associated with abnormal aortic
rch geometry. If so, this might help to identify a population
f adolescents or young adults at high risk for hypertension
nd its complications late after CoA repair.
ethods
atients
he study population (Table 1) comprised 75 patients with CoA
epair, of whom 25 were included from a previous study.11 All
atients had undergone surgical repair before 3 months of age; 58
77.3%) infants were less than 1 month old at the time of surgical
ntervention. The mean standard deviation weight was 3.1 0.7
g at the time of the operation.
The operation was performed through a standard left postero-
ateral thoracotomy. The technique of repair was chosen according
o the presence or absence of hypoplasia of the aortic arch. Stan-
ard end-to-end anastomosis (n  43 [57.3%]; median age at
urgical intervention, 0.3 months) was performed when CoA was
imple and without hypoplasia of the aortic arch. Extended end-
o-end anastomosis (n  32 [42.7%]; median age at surgical
ntervention, 0.28 months) was performed as described previ-
usly12 when CoA was associated with hypoplasia of the aortic
rch. In all cases the aortic arch was repaired with interrupted and
bsorbable sutures.
Consecutively eligible subjects were recruited between 2003
nd 2005. Criteria for inclusion were (1) systolic and diastolic BP
t rest within the normal range, according to the Task Force Report
Abbreviations and Acronyms
BP  blood pressure
CI  confidence interval
CoA  coarctation of the aorta
H/W height/width
MRI magnetic resonance imaging
RS  residual stenosisn High Blood Pressure in Children and Adolescents13; (2) no p
106 The Journal of Thoracic and Cardiovascular Surgery ● Novignificant associated cardiac anomalies; (3) no cardiac medica-
ion; and (4) absence of clinical and Doppler flow evidence of
tructural restenosis in the aorta, with a right arm-leg systolic BP
radient at rest of less than 15 mm Hg and a systolic peak flow
elocity of less than 3 m/s in the descending aorta with no
vidence of diastolic runoff on Doppler echocardiography. Con-
istent with this, all subjects had unobstructed aortic arches on
RI (30% narrowing at the minimum lumen diameter, see
elow). We excluded patients who had undergone balloon dilata-
ion or stent placement and those who had undergone any inter-
ention for recoarctation.
The hospital ethics committee approved this study, and all
igure 1. Relation between aortic arch shape and blood pressure
esponse. A, Three types of aortic arch morphology after coarc-
ation repair defined on the basis of MRI. Left to right, Gothic,
renel, and normal geometry. B, Percentage of patients with
xercise-induced hypertension at 15 years’ follow-up in the 3 types
f aortic arch geometry. C, Cumulative incidence of exercise-
nduced hypertension as a function of aortic arch geometry with
aplan-Meier curves.atients or their guardian provided informed consent.
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DP Measurements, Rest, and Exercise
esting BP in the right arm and leg and resting arm-leg systolic BP
radient were measured simultaneously by using the automatic
scillometric method (Accutor 4; Datascope Corp, Montvale, NJ)
ith appropriately sized cuffs that recovered at least two thirds of
he upper arm and of the calf after at least 5 minutes of rest in the
upine position. The average of the second and third measurements
as used in the analysis.
In our institution treadmill exercise testing is routinely and
ystematically performed in all children who have had successful
oA repair: the first test is performed at age 8 years and then every
years thereafter. Exercise treadmill testing was performed ac-
ording to the Bruce protocol, in which the speed and slope of a
readmill was increased every 3 minutes.14 During the last minute
f each exercise stage, systolic BP was measured with a mercury
olumn sphygmomanometer. Subjects exercised until reaching an
ge-specific target heart rate or the development of symptoms
eading to termination of the test. Systolic hypertension at exercise
as defined in children as maximum systolic BP at the 95th or
reater percentile for a separate reference population5,14 or 210
m Hg or greater in men and 190 mm Hg or greater in women.5,15
roup HT included the patients with exercise hypertension, and
roup N included those who had a normal BP response to peak
xercise.
RI Study
ortic arch geometry measurements were made by an experienced
bserver who was unaware of all BP measurements (1.5-T magnet
ith 23 mT/m gradients; Signa LX; GE Medical Systems, Mil-
aukee, Wis). As previously described,11 we performed both
ualitative and quantitative measurements for characterizing post-
oarctectomy aortic arch shape. First, morphology of the aortic
hape was classified in 3 categories based on the global geometry
f the aortic arch in the left anterior oblique projection: gothic,
renel, and normal (Figure 1, A). Briefly, gothic arch had a trian-
ular form, crenel arch had a rectangular form, and normal arch
ad a semicircular form. Second, 3 quantitative measurements
ere made, including maximal height and width of the aortic arch
nd the degree of residual stenosis (RS), as follows: RS  100x
ABLE 1. Population characteristics (n  75)
Mean  SD Median Range
emography
M/F 49/26
Age (y) 15.1 5.8 14.5 6-33.5
nthropometry
Weight (kg) 56.6 16.5 55 19-80
Height (cm) 165 21 163 105-187
P at rest (upper right limb)
Systolic BP (mm Hg) 117 12 117 86-137
Diastolic BP (mm Hg) 60 11 58 38-80
peration
Age at operation (mo) 0.27 0.2 0.3 0.1-168
Duration of follow-up (y) 15 6.5 15.0 1-30
D, Standard deviation; M/F, male/female; BP, blood pressure.1  [Øm/ØD]), where Øm is the smallest diameter at the anas- f
The Journal of Thoracicomosis and ØD is the diameter of the descending aorta 10 cm
istal to the anastomosis (Figure 2).
tatistical Analysis
ll data were analyzed with the StatView SE software and the R
oftware Version 1.7.0. The normality Kolmogorov-Smirnov test
as performed to determine whether continuous variables were
ormally distributed.
Data are presented as the mean value  standard deviation or
edian with range when appropriate. Univariate comparisons of
ontinuous variables were performed by using the Student t test or
he Wilcoxon rank sum test when the normality assumption was
ot satisfied. Categoric variables were compared by using the 2
est.
Aortic arch geometry was characterized as both a categoric (3
ategories: gothic, crenel, or normal) and a continuous (H/W ratio)
ariable. The BP response to exercise was treated also as both a
ategoric (HT or N status) and continuous (level of systolic BP at
eak exercise) variable. The relation between aortic arch geom-
try and the incidence of exercise-induced hypertension over the
igure 2. Aortic shape measurements on MRI transverse width of
he aortic arch (W) was measured as the maximal horizontal
istance between the midpoints of the ascending and descending
orta close to the axial plane going through the right pulmonary
rtery. Height of the aortic arch (H) was measured as the maximal
ertical distance between W and the highest midpoint of the
ortic arch. Øm is the smallest diameter at the anastomosis, and
D is the diameter of the descending aorta 10 cm from the
nastomosis.ollow-up period was evaluated by using Kaplan-Meier survival
and Cardiovascular Surgery ● Volume 132, Number 5 1107
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Durves. Multivariate analyses were also used to determine prog-
ostic factors for hypertension at peak exercise. The following
ariables were included in the models: age at time of the study,
uration of follow-up, height, weight, resting arm-leg systolic BP
radient, RS, H/W, and aortic arch geometry category. First, we
tudied hypertensive status (group HT or group N) as a response
ariable by using multiple logistic regression analysis models.
oodness of fit of these models was checked by using the Le
essie–van Houwelingen–Copas–Hosmer test. When multiple
omparisons were performed, we used the Bonferroni method to
ompute the adjusted P values. Second, we studied the level of
ystolic BP as a response variable by using multiple linear regres-
ion or analyses of covariance when appropriate. The linearity
ssumption was assessed graphically for the continuous indepen-
ent variables. We checked before normality and homogeneity of
ariance of the residuals with plots of residuals against fitted value
nd histograms. When multiple comparisons were performed, we
sed the Tukey method to compute adjusted P values.
esults
ortic Arch Geometry
he aortic arch was abnormal in 42 (56%) patients; 30
40%) patients had gothic geometry, and 12 (16%) had
renel geometry. The remaining 33 (44%) subjects had
ormal geometry. H/W ratio was significantly higher in
atients with a gothic geometry (H/W ratio, 0.8  0.16)
hen compared with the 2 others morphologies (P 
0001). There were no differences among the 3 geometries
oncerning RS, which was less than 30% in all cases. As
hown in Table 2, the proportion of subjects with extended
nd-to-end (vs simple end-to-end) anastomoses was similar
ABLE 2. Clinical and geometric variables in the 3 subtyp
Gothic
(n  30)
Crenel
(n  12)
ge (y) 16 5.9 14.8 6.7 14
eight (kg) 63 14.3 58.1 12.3 58
eight (cm) 170 16 167 18 1
ge at operation, median (mo) 0.34 0.27
xtended end-to-end
anastomosis (%)
43 42
uration of follow-up (y) 14.5 6.1 15.4 8.2 14
P at rest
Systolic BP (mm Hg) 124.1 11.9 115  12.2 112
Diastolic BP (mm Hg) 75.5 5.7 73.3 7.5 72
Arm-leg systolic BP
gradient (mm Hg)
2  8.8 0.1 6.2 0
P at peak exercise
Systolic BP (mm Hg) 210.2 33.1 171.2 25.9 177
Diastolic BP (mm Hg) 74.5 6.3 72.5 7.2 72
eometric parameter
H/W ratio 0.8 0.16 0.69 0.14 0.
NOVA, Analysis of variance; BP, blood pressure; H/W, height/width.etween groups. .
108 The Journal of Thoracic and Cardiovascular Surgery ● Novorrelation Between Aortic Arch Geometry and
lood Pressure
hirty-five (46.7%) patients were hypertensive during ex-
rcise. Hypertension was more frequent in patients with
othic arch geometry (25/30 [83%]; 95% confidence inter-
al [CI], 69%-97%) than in the crenel form (3/12 [25%];
5% CI, 0%-50%) and the normal form (7/33 [21%]; 95%
I, 10%-46%; P  .001; Figure 1, B). The cumulative
ncidence of exercise-induced hypertension as a function
f the 3 categories of aortic arch geometry is shown in
igure 1, C. The curves demonstrated that the subjects with
othic arch geometry had the highest incidence of exercise-
nduced hypertension compared with those with crenel and
ormal geometry (log-rank test, P  .0001).
On univariate analysis, age at the time of the study,
uration of follow-up, weight, height, systolic BP at rest and
t peak exercise, and H/W ratio were significantly higher in
he HT group (Table 3). By using multiple logistic regres-
ion analysis, independent factors associated with hyperten-
ion status were both gothic arch geometry and H/W ratio
P  .009 and P  .038, respectively) when the indepen-
ent variables used in the model were age at time of the
tudy, duration of follow-up, weight, height, resting arm-leg
ystolic BP gradient, RS, and aortic arch geometry category
r H/W ratio.
We also compared the level of systolic BP at peak
xercise among the 3 geometries of the aortic arch. As
hown in Table 2, systolic BP at peak exercise was signif-
cantly higher in patients with gothic arch geometry (P 
f aortic arch geometry
al
33)
P value for
ANOVA
P value
Gothic/normal Gothic/crenel Crenel/normal
5.2 .022 .017 .29 .51
16.6 .008 .019 .0005 .32
23 .017 .0045 .0086 .9
2 .5 .7 .9 .8
.8 .7 .5 .7
6 .4 .11 .36 .88
14.7 .003 .001 .03 .59
6.3 .66 .06 .32 .65
10.9 .2 .25 .50 .76
33.6 .0002 .0002 .0008 .56
6.6 .56 .16 .38 .89
0.15 .0001 .0001 .07 .48es o
Norm
(n 
.6 
.3 
68 
0.3
42
.1 
.4 
.3 
.9 
.4 
.2 
65 0002). On univariate regression analysis, there was a sig-
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Dificant correlation between systolic BP at peak exercise
nd age at the time of the operation, duration of follow-up,
eight, weight, and H/W ratio but not with arm-leg systolic
P gradient or RS. By using analysis of covariance or
ultiple linear regression analysis with the same indepen-
ent variables, only gothic arch geometry and H/W ratio
ere correlated with systolic BP at peak exercise (P  .04
nd P  .02, respectively).
iscussion
ong-term follow-up studies have shown that systemic hy-
ertension is a common and important complication in
atients who have had CoA repair in infancy. In addition,
ife expectancy in this population is significantly shorter
han that of a normal population, largely because of cardio-
ascular and cerebrovascular events, most frequently re-
ated to hypertension.1-3 The prevalence of hypertension
ncreases with length of follow-up after CoA repair, sug-
esting that the risk factors for new-onset hypertension
re present very early in life or that they might appear
rogressively with growth.1-3 Early detection of hyperten-
ion and identification of risk factors in patients who have
ndergone CoA repair is thus a crucial issue to reduce the
ncidence of late cardiovascular events. Exaggerated BP
esponse during exercise is generally predictive of resting
ypertension,4-8 and MRI can be used to accurately diag-
ose abnormalities of the postoperative aortic arch.10,11 We
ave previously reported that resting hypertension after
oA repair was associated with a gothic geometry of the
ortic arch.11 We now demonstrate that this particular
othic arch geometry is strongly associated with exercise-
ABLE 3. Comparison of clinical and geometric variables
n the HT and N groups
HT N P value
(total  75) 35 40
ge (y) 14.9  4 13.7  5 .0001
eight (kg) 59 12 52  11 .0001
eight (cm) 170  12 163  13 .0001
ge at operation,
median (mo)
0.3 0.29 .6
uration of follow-up (y) 14.6 6 14.2  5 .04
P at rest
Systolic BP (mm Hg) 125.9 10.8 110.1  12.6 .0001
Diastolic BP (mm Hg) 75.7 6.1 72  6.2 .01
Arm-leg systolic BP
gradient (mm Hg)
2.4  7.9 1.3  10.5 .09
P at peak exercise
Systolic BP (mm Hg) 220.1 26.4 162.7  17.3 .0001
Diastolic BP (mm Hg) 74.9 6.6 71.6  6.3 .036
P, Blood pressure.nduced hypertension. l
The Journal of Thoracicxercise Testing After CoA Repair
he prevalence of higher than expected peak systolic BP
esponses, diastolic BP responses, or both on exercise is low
n healthy populations (3%-12%),16-18 suggesting that ex-
rcise testing would not be useful in detecting hypertension
n the general population. However, exercise testing is much
ore relevant in patients at high risk for hypertension, such
s those who have had repair of CoA. In addition, patients
ith gothic arch geometry had significantly higher resting
ystolic BP (but still within the normal range, Table 2), and
t has been previously shown that subjects with high-normal
esting BP who exhibited an exaggerated exercise BP re-
ponse were more likely to have resting hypertension in the
uture.8 Thus our patients with gothic arch geometry exhibit
ell-known risk factors for future hypertension, with high-
ormal resting systolic BP and an exaggerated BP response
o exercise.
The usefulness of exercise testing has been questioned in
ollow-up after CoA repair. Recently, Swan and coworkers19
iscouraged the use of exercise testing, arguing that it has
een shown to be insufficient to predict recoarctation. In
ontrast, our study demonstrates that exercise testing is
till a valuable tool in the surveillance of patients who have
ndergone CoA repair. Indeed, we now demonstrate that
xercise testing, when coupled with MRI, is helpful in
creening patients at risk of hypertension, namely those who
resented with abnormal BP responses during exercise,
bnormal aortic arch shape on MRI, or both.
ortic Arch Shape and Mechanisms of Exaggerated
ystolic BP
he pathogenesis whereby either the preoperative anatomy
r the technique of surgical repair might result in gothic
rch geometry is unclear, although it does not appear related
o arch hypoplasia or the surgical technique of extended
nd-to-end anastomosis. This geometric pattern appears to
rise from an acute angulation in the arch associated with a
reater growth in the height compared with the width of the
horacic aorta. We speculate that an abnormally short aortic
sthmus, that portion of the aorta between the left subclavian
rtery and the ductus arteriosus, might predispose to acute
ngulation and gothic arch geometry after repair; however,
his will need to be tested prospectively in a study in which
etailed preoperative measures of the length of the isthmus
an be made, optimally by means of MRI. It is also unclear
hether surgical techniques of CoA repair might be modi-
able, such that normal arch anatomy can be fashioned in
hich the risk of an angulated gothic arch is thought to be
igh. It is likely that aortoplasty with use of a patch might
acilitate the construction of a smooth and rounded aortic
rch; however, we would obviously not recommend this
echnique because it is associated with a high incidence of
ate aneurysm formation at the repair site.20
and Cardiovascular Surgery ● Volume 132, Number 5 1109
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DThe pathophysiologic mechanism of exercise-induced
ypertension has not been clearly defined in patients with
uccessful CoA repair. Our findings could contribute, at
east in part, to explaining the complex mechanisms of
bnormal BP response in patients after coarctectomy. In-
eed, gothic geometry in our patients could lead to flow
isturbances at the point of angulation, including early
eturn of the incident pressure wave that would be expected
o increase systolic BP and pulse pressure. Such anomalies
ight resemble the systolic wave reflections observed with
ging and in essential hypertension. This could contribute to
ncreased central aortic stiffness and upper-limb hyperten-
ion in patients with gothic geometry. These hypotheses
eed to be tested by means of further investigation.
It is noteworthy that some subjects in the HT group do
ot have gothic arch geometry but have normal or crenel
eometry; thus angulation of the aortic arch does not exclu-
ively explain hypertension after CoA repair. Recently,
riend and associates21 showed that even a mild residual
arrowing at the site of CoA repair was a strong and indepen-
ent predictor of daytime systolic BP and common carotid
rtery wall thickening. The same mechanism of early wave
eflection could account for these results. These authors
aised the question of lowering the threshold for reinterven-
ion in mild recoarctation to improve long-term outcome in
uch patients.
linical Implications
ur results might have implications for surgical and medi-
al treatment of CoA. It is possible that identification of the
isk of hypertension associated with an angulated gothic
rch might inform surgical strategies toward techniques that
ight result in a more rounded and smooth arch geometry
although patch aortoplasty should not be considered, as
oted above). Even if surgical techniques cannot be modi-
ed in this way, for practical reasons, our study identifies a
igh-risk group of subjects with CoA who require particu-
arly vigilant surveillance and perhaps even early medical
ntervention. Indeed, we now recommend regular exercise
esting and MRI in the surveillance of patients who have
ndergone CoA repair, considering these 2 examinations
seful for the early identification of young patients at high
isk for hypertension and its cardiovascular complications.
imitations
y observing the magnetic resonance images of our post-
perative subjects with CoA, we were initially cognizant of
recognizable categories of arch geometry: an angulated
gothic) form, a rectangular (crenel) form, and a smooth
ounded (normal) arch. For example, the gothic arch de-
icted in Figure 1, A, was easy to identify. Nevertheless, this
ualitative classification of the aortic arch geometry might
e difficult in patients who present with intermediate geom-
110 The Journal of Thoracic and Cardiovascular Surgery ● Novtries. For this reason, we have also calculated the more
bjective H/W ratio for characterizing aortic arch geometry.
n our study increases in H/W ratio were also predictive of
xercise-induced hypertension, as well as gothic arch ge-
metry as a categoric variable.
The relation between resting hypertension and aortic
rch geometry after CoA repair has already been described
reviously by our group11; the current findings extend the
elevance of the previous findings to the important situation
f exercise-induced hypertension. Our message is that the
ain criteria for considering a coarctation as successfully
epaired should include both absence of RS and absence of
ortic arch deformation.
onclusion
n patients with an anatomically successful CoA repair,
xercise-induced hypertension is associated with gothic ge-
metry of the aortic arch and an increased H/W ratio of the
horacic aorta. Patients with this angular geometry are at
igh risk of resting hypertension, and thus careful long-term
urveillance of these patients is mandatory. Our results
ight interest surgeons by raising technical questions of
revention of aortic arch deformation.
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